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Abstract.  The mAb lan3-6 recognizes a cytosolic anti- 
gen which is selectively expressed in the growth cones 
and axons of a small subset of peripheral sensory neu- 
rons fasciculating in a single tract common to all hiru- 
dinid leeches. We have used this antibody to clone a 
novel EF-hand calcium-binding protein, calsensin, by 
screening an expression vector library. A full-length 
clone of 1.1 kb identified by the antibody was isolated 
and sequenced. In situ hybridizations with calsensin 
probes and antibody staining using new polyclonal anti- 
sera generated against calsensin sequence demonstrate 
that calsensin indeed corresponds to the lan3-6 antigen. 
Calsensin consists of 83 residues with a calculated mo- 
lecular mass of 9.1 kD that contains two helix-loop-helix 
domains. The calcium-binding domains are likely to be 
functional in vivo since a fusion protein derived from 
the calsensin clone binds 45Ca2+ in vitro. Immunoaffin- 
ity purification experiments with the lan3-6 antibody 
shows that a large 200,000 Mr protein selectively copu- 
rifies with calsensin in two different leech species. 
These results suggest that calsensin may be functioning 
as a trigger protein which interacts with the larger pro- 
tein. These data are consistent with the hypothesis that 
calsensin may mediate calcium-dependent signal trans- 
duction events in the growth cones and axons of this 
small group of sensory neurons which fasiculate in a 
single axon tract. 
UPdN6 development the formation and maintenance 
of specific nerve pathways are dependent on the 
interactions of growth cones and axons with sur- 
face molecules expressed on other particular cells (Jessell, 
1988;  Goodman  and  Shatz,  1993).  Recent  experiments 
have shown that some of these interactions may be medi- 
ated  through  signal  transduction  events  which  induce 
changes in intracellular  [Ca2÷]i leading to biological re- 
sponses. For example, antibodies which bind to L1  and 
N-CAM, mimicking their natural ligands, activate second 
messenger systems that result in increased [Ca2+]i (Schuch 
et  al.,  1989),  and  the  neurite  growth  inhibitor  NI-35- 
induced collapse of neuronal growth cones is in part medi- 
ated by release of Ca  2+ from intracellular stores (Bandt- 
low et al., 1993). Thus, molecules which are modulated by 
or are modulating [Ca2+]i and are  selectively present in 
growth cones and axons are strong candidates for being 
molecules which play a  functional role  in  growth cone 
guidance and/or selective fasciculation. 
In  a  previous  study we  proposed,  based  on  a  partial 
cDNA clone and on immunoaffinity purification experi- 
ments (Briggs et al.,  1993),  that the mAb lan3-6 (Zipser 
and  McKay, 1981)  may recognize  a  large  Ca2+-binding 
protein which is selectively expressed in the growth cones 
Please address all correspondence to JCrgen Johansen, Dept. of Zoology 
and  Genetics,  3156  Molecular  Biology  Bldg.,  Iowa  State  University, 
Ames, Iowa 50011. Tel.: (515) 294-2358. Fax: (515) 294-0345. 
and axons of a small subset of peripheral sensory neurons 
fasciculating in a  single  axon tract in hirudinid leeches. 
However, by obtaining a full-length clone and molecularly 
characterizing the lan3-6 antigen we now report that the 
actual antigen is a separate small 9-kD protein with which 
a larger 200,000 Mr protein selectively copurifies. Analysis 
of the deduced amino acid sequence shows that the 9-kD 
antigen  defines  a  novel  EF-hand  Ca2+-binding  protein 
(Persechini et al., 1989; Strynadka and James, 1989) which 
has two helix-loop-helix (HLH)  1 domains that bind 45Ca2+ 
in vitro. On the basis of these features we have named the 
lan3-6 antigen, calsensin. Our data are consistent with the 
hypothesis that calsensin and the 200,000 Mr protein may 
form a  complex mediating Ca2+-dependent signal trans- 
duction events in the growth cones and axons of this sub- 
set of peripheral sensory neurons. 
Materials and Methods 
Experimental Preparations 
Leech Species.  For the present experiments we used  two different leech 
species, namely the hirudinid leeches Haemopis marmorata and Macrob- 
della  decora.  The leeches were either captured in the wild or purchased 
from commercial sources. 
1. Abbreviations used in this paper: aa, amino acids; CNS, central nervous 
system; HLH, helix-loop-helix;  nt, nucleotide. 
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in leech saline solutions with the following composition: 110 mM NaC1, 4 
mM KC1, 2 mM CaC12, 10 mM glucose, and 10 mM Hepes, pH 7.4.  In 
some cases 8% ethanol was added and the saline solution cooled to 4°C to 
inhibit muscle contractions. 
Embryos.  Macrobdella  and  Haemopis  embryos were  obtained  from 
leeches captured gravid in the wild. These leeches were placed in boxes 
with moist peat moss in which they lay their cocoons. Cocoons were main- 
tained  at 24°C and embryos were  staged according to  the criteria  de- 
scribed by Fernandez and Stent (1982).  There are ~10-20 embryos in 
each cocoon and these sibling embryos develop synchronously within a 
few percent of development. 
lmmunocytochemistry 
The mAb lan3-6 that is of the IgG2~ subtype (Zipser and McKay, 1981; 
Briggs et al., 1993)  or newly raised polyclonal antisera (see below) were 
used in these studies. The lan3-6 antibody was raised against Haemopis 
central nervous system (CNS) but cross-reacts with Haemopis, Macrob- 
delia, and Hirudo CNS (Briggs et al., 1993). 
Dissected Macrobdella  and Haemopis embryos were fixed overnight at 
4°C in 4%  paraformaldehyde in 0.1 M  phosphate buffer, pH 7.4, incu- 
bated overnight at room temperature directly in hybridoma supernatant 
containing 0.4% Triton X-100 or polyclonal antisera diluted 1:800 in PBS 
with 0.4% Triton X-100, washed in PBS with 0.4% Triton X-100, and incu- 
bated with HRP-conjugated goat anti-mouse or anti-rabbit antibody (1:200 
dilution; Bio-Rad Labs., Richmond, CA). After washing in PBS the HRP- 
conjugated antibody complex was visualized by reaction in DAB (0.03%) 
and H202 (0.01%) for 10 min. The final preparations were dehydrated in 
alcohol,  cleared  in  xylene, and  embedded  as  whole-mounts in  Depex 
mountant. 
Identification and Cloning of Calsensin cDNAs 
The mAb lan3-6 was used to probe an oligo dT-primed hgtlld cDNA li- 
brary prepared from size-selected (>400 nucleotide [nt]) Haemopis mar- 
morata mRNA. The library was screened essentially according to the pro- 
cedures of Sambruok et al. (1989). A total of 106 plaques were screened at 
a density of 30,000 plaque-forming units/150-mm plate. One eDNA clone 
was identified as positive after a second round of antibody screening. The 
phage DNA from this positive cDNA clone was isolated and subcloned 
into pBluescript II KS+/-  vectors (Stratagene Inc., La Jolla, CA) using 
standard protocols (Sambrook et al., 1989). 
For further screening of phage libraries, a 238 nt NH2-terminal EcoRI 
fragment  from  the  isolated  calsensin eDNA  clone  was  gene-cleaned 
(Biol01),  and 32p-radiolabeled using random priming according to  the 
manufacturer's procedure (Prime-A-Gene kit; Promega Corp., Madison, 
WI). This radiolabeled fragment was used to probe  a  second oligo dT- 
primed hgtlld cDNA library prepared from size-selected (>400 nt) Hae- 
mopis marmorata  mRNA as well as a Haemopis genomic library. The li- 
braries were screened using standard procedures (Sambrook et al., 1989). 
Two independent eDNA clones and one genomic clone were isolated and 
subcloned into  pBluescript II  KS+/-  vectors (Stratagene).  Additional 
NH2-terminal  sequence  were  obtained  using  a  Clontech  5'-Ampli- 
FINDER RACE kit and protocols. The RACE products were subcloned 
into pBluescript II KS+/- vectors using standard protocols (Sambrook et 
al., 1989). 
Nucleotide Sequencing and Computer Analysis 
Nucleotide sequencing of isolated single- or double- strand templates was 
either conducted at the Iowa State University Nucleic Acid Facility using 
an Applied Biosystems 373A DNA Sequencer or performed manually by 
the  dideoxynucleotide  sequencing procedure  using the  Sequenase  kit 
(United States Biochem. Corp.,  Cleveland, OH) and aSS-dATP (Amer- 
sham Corp., Arlington Heights, IL) in the termination reactions. Tem- 
plates were primed with either commercially available sequencing primers 
(M13 universal, reverse, T7, and T3 primers; Promega and United States 
Biochem. Corp.) or by specific primers synthesized at the Iowa State Uni- 
versity Nucleic Acid  Facility  based  on internal predicted  calsensin se- 
quence. DNA extension reactions were resolved on 6% gradient gels and 
analyzed using autoradiography. 
The nucleotide and predicted amino acid sequences were analyzed us- 
ing the GCG (Genetics Computer Group Program Manual for the GCG 
Package, Version 7, April 1991, 575 Science Drive, Madison, WI) suite of 
programs (Devereaux et al., 1984). The calsensin sequence was compared 
with known and predicted proteins in the SwissProt and Genbank data- 
bases using the FASTA and TFASTA programs within the GCG package. 
In addition,  a  BLAST search was performed using the NCBI  BLAST 
e-mail server (Altschul et al., 1990) comparing the calsensin sequence with 
SwissProt, PIR, and GenPept databases. 
Northern Analysis 
Total leech RNA was isolated using a  modification of a  plant genomic 
DNA prep (Shure et al., 1983)  as follows: 3--4 g of leech was ground in a 
tissue homogenizer with dry ice  to  a  fine  powder.  Leech powder  was 
mixed with 6 ml urea extraction buffer (8 M  urea/0.35 M  NaC1/0.05  M 
Tris-HC1 [pH 7.5]/0.02  M EDTA/2% sarcosyl) and 6 ml of phenol/chloro- 
form (1:1) was added, The mixture was vigorously shaken, incubated 15 
min at room temperature, and shaken vigorously again before low-speed 
centrifugation. The aqueous phase was extracted, and precipitated with 
0.17 vol 4.4 M  ammonium acetate, pH 5.2,  and 1 vol isopropanol, mixed 
well, and centrifuged at 10K for 10 min at 4°C in an SS34 rotor (DuPont, 
Bannockburn, IL). The pellet was dissolved in 500 Ixl 10 mM Tris/1 mM 
EDTA,  pH 8.0,  phenol/chloroform extracted,  reprecipitated  in isopro- 
panol as above, and the nucleic acid pellet washed with 70% ethanol. Nu- 
cleic  acids  were  dissolved  in  oligo-dT  binding  buffer,  and  poly(A) ÷ 
mRNA was isolated using an oligo-dT column (Stratagene) according to 
standard protocols (Sambrook et al., 1989).  20 mg of poly(A) ÷ mRNA 
was fractionated on 1.2% agarose formaldehyde gels, transferred to nitro- 
cellulose, and hybridized to a [32p]dCFP-labeled 238 nt EcoRI NH2-termi- 
nal calsensin fragment according to  standard methods (Ausubel et  al., 
1987) with the addition of dextran sulfate (10%). High stringency hybrid- 
ization and washing conditions were employed (Ausubel et al., 1987),  and 
the filters were exposed to X-OMAT XAR film (Kodak) at -80°C with 
an intensifying screen. 
In Situ Hybridization 
The NH2-terminal 238 nt EcoRI calsensin fragment was linearized with 
BamHI or HindlII  using standard procedures (Sambrook et al.,  1989). 
These linearized DNA molecules were used to generate sense- and anti- 
sense digoxygenin-labeled RNA probes using a RNA labeling kit and pro- 
tocols  (Boehringer Mannheim Corp.,  Indianapolis, IN).  The  antisense 
probe was generated using T7 RNA polymerase on the BamHl-linearized 
DNA. The sense probe was generated using T3 RNA polymerase on the 
HindlII-linearized DNA. The method of Tautz and Pfeifle (1989)  was 
used to hybridize, wash, and stain Haemopis El0 embryos which were 
previously fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 
7.4. However, the probe concentration was reduced to 0.1 mg/ml, hybrid- 
izations were at 45°C, and the antidigoxygenin antibody was used at a con- 
centration of 1:3,000. After labeling the embryos were dehydrated in etha- 
nol, cleared in xylene, and mounted in Depex. 
Preparation of Calsensin Fusion Protein and 
Generation of Calsensin Antisera 
The  NH2-terminal 238  nt  EcoRI  fragment from  one  of the  calsensin 
cDNA clones was subcloned into the Promega Pinpoint Xa2 vector as a 
HindIII-BamHI cassette. The resulting fusion protein codes for residues 
1-72 of calsensin which encompasses both calcium-binding loops but trun- 
cates the extreme COOH-terminal end.  In addition the fusion protein 
contains 10 residues of sequence upstream of the starting methionine and 
23 residues of COOH-terminal translated vector sequence. The fusion 
protein was expressed in DH5aF'IQ  cells and partially purified over a 
Softlink  TM monomeric avidin column (Promega) using the manufacturer's 
recommended protocols. 
The partially-purified calsensin fusion protein  was used to generate 
polyclonal antibodies in rabbits. Two rabbits  (Frigg and Hel)  were  in- 
jected with from 200 to 400 p,g of fusion protein, and then boosted at 21-d 
intervals as described in Harlow and Lane (1988). After the second boost 
serum samples were collected seven and 10 d after injection (Harlow and 
Lane, 1988). The sera was analyzed for specificity by comparing the stain- 
ing obtained with the antisera and the preimmune sera on nitrocellulose 
filters spotted with nerve cord homogenates from Haemopis, partially pu- 
rified fusion protein, and the expressed Xa2 vector. The sera were titrated 
from undiluted to a 1:5,000 dilution in Blotto (0.5% Carnation nonfat dry 
milk in TBS). 
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SDS-PAGE and Western Blotting.  SDS-PAGE was performed according 
to standard procedures (Laemmli, 1970)  except that acrylamide in some 
experiments was used at 12%  and bis-acrylamide at 0.13%. Electroblot 
transfer was performed as in Towbin et al. (1979). For these experiments 
we used the Bio-Rad mini-gel system, electroblotting to 0.2 t~m nitrocellu- 
lose, and using HRP-conjugated secondary antibody (1:3,000) for visual- 
ization of primary antibody diluted 1:2,000 in Blotto in immunoblot analy- 
sis. The signal was developed with DAB (0.1  mg/ml) and H202 (0.03%) 
and enhanced with 0.008%  NiC12. In some experiments to  test for the 
specificity of the polyclonal antisera, 15 p.g of the calsensin fusion protein 
was added to the diluted antisera before staining. Gels were fixed and sil- 
ver stained using the Bio-Rad Silver Stain Kit as per the manufacturer's 
instructions. 
Imraunoa~nity Purification.  Immunoprecipitations were performed 
by incubating Protein A-Sepharose CL-4B beads which were covalently 
cross-linked (see below) to the lan3-6 antibody with Haemopis nerve cord 
homogenates at 4°C overnight on a rotator after preincubation and pre- 
cleating of the homogenate with the uncoupled beads. Protein from dis- 
sected nerve cords were homogenized in extraction buffer (20 mM Tris- 
HC1, 200 mM NaC1, 1 mM CaC12, I mM MgCI2, 0.2% NP-40, 0.2% Triton 
X-100, pH 7.4) containing protease inhibitors and the resulting homoge- 
hate  cleared  by  brief  centrifugation.  The  immunoprecipitates  were 
washed three  times in  TBS,  and once  in PBS  before  SDS-PAGE  and 
Western blotting. 
To assay  for proteins interacting with calsensin, Haemopis and Macrob- 
della nerve cords were homogenized in extraction buffer and the homoge- 
nates precleared by incubation with 10 mg protein A-Sepharose CL-4B 
beads (Sigma) for 2 h at 4°C on a shaking platform. After preclearing the 
homogenates were incubated with 500 mg protein A-Sepharose CL-4B 
beads which were  crosslinked to  lan3-6 monoclonal antibody following 
the procedures of Harlow and Lane (1988). The only alteration to these 
protocols was that 0.1 M sodium borate, pH 8.2, was used for washing in- 
stead of 0.2 M  sodium borate, pH 9. After incubation and washing the 
beads were  resuspended in 4  ml of 0.1  M  sodium borate,  pH 8.2, and 
packed into a column. The column was washed with 20 vol of 0.1 M  so- 
dium borate, pH 8.2, and by 10 vol of 10 mM sodium phosphate, pH 6.8, 
before elution with one volume of 0.1 M  glycine, pH 2.5.  10 0.4-ml frac- 
tions of the eluate were collected into tubes containing 80 p.1 of 1 M  so- 
dium phosphate, pH 8, for neutralization. Fractions 1-2, 3-5, and 6-10 were 
pooled, dialyzed against 10 mM Tris-HC1, pH 7, and precipitated with ab- 
solute ethanol. The resulting protein pellets were resuspended in 20 ml 
homogenization buffer and analyzed by SDS-PAGE and silver staining of 
the gel. 
45Ca  2  +-binding Assays 
The binding of 45Ca2+ to the calsensin fusion protein was assayed as de- 
scribed by Maruyama et al. (1984). The partially purified calsensin fusion 
protein was resolved on a  15% SDS-polyacrylamide gel, and transferred 
to  0.2 p,m nitrocellulose. The membrane was washed 2  ×  10 rain in  a 
buffer containing 60 mM KCI, 5 mM MgCI2 and 10 mM imidazole-HCl 
(pH 6.8) before incubation for 10 min with I mCi/ml 45CAC12  in the same 
buffer. The nitrocellulose membrane was washed with either distilled wa- 
ter  or with 200  IxM CaCl2 for 2  ×  5  min and autoradiographed using 
Kodak XAR-5 x-ray film. In some experiments the binding of 45Ca2+ to 
bovine ~/-globulin (Sigma), protein extracts from DH5aF'IQ  cells con- 
taining  vector  without  calsensin insert,  and  purified  bovine  brain  cal- 
modulin, the generous gift from the laboratory of Dr. D. Graves (Dept, of 
Biochemistry and  Biophysics, Iowa  State  University), were  assayed as 
controls. 
Results 
Cloning and Characterization of cDNA Clones 
Encoding Calsensin 
The mAb lan3-6, which specifically recognizes a small sub- 
set  of  peripheral  neurons  that  extend  their  axons  and 
growth cones into a single axonal tract in leech CNS (Fig. 
1), was used to screen a kgtlld cDNA expression vector li- 
brary constructed from total leech poly(A)÷RNA. Of ~1 
Figure 1.  Calsensin localization to a  subset of peripheral sensory 
neurons in an El0  Macrobdella leech embryo. The sensory neu- 
rons (arrowheads) extend their growth cones and axons into the 
ganglia (G) and connectives of the CNS where they fasciculate in a 
single axon tract (curved arrow). The preparation, which shows two 
hemisegments, was labeled with the lan3-6 antibody. Bar, 50 p.m. 
X  106 plaques screened,  one was antibody positive. This 
clone contained a  820 nt insert and was plaque-purified, 
subcloned, and sequenced. To obtain additional indepen- 
dent clones, an NH2-termina1238 nt EcoRI fragment from 
this clone was radiolabeled and used to probe a different 
Haemopis leech  cDNA  library as  well  as  a  genomic  li- 
brary. From these libraries two independent partial cDNA 
clones  of 777  nt  and  754  nt  and  a  15-kb  genomic clone 
were isolated and analyzed. The sequence of these clones 
were identical to the first within the coding region, with no 
introns present in the genomic sequence. The calsensin se- 
quence assembled from these and ampliFINDER-RACE 
extension data contains a 249-nt open reading frame with 
408 nt of 3' and 153 nt of 5' noncoding sequence (Fig. 2 A). 
The 3' noncoding sequence contains a potential polyade- 
nylation  signal  AATAAA  upstream  from  the  putative 
polyadenylation site  (Fig. 2 A). The open reading frame 
contains a 5' ATG initiation codon, which has a favorable 
A-3/G+4 context for initiation  (Kozak, 1986)  just  down- 
stream from an in flame TGA stop-codon (Fig. 2 A). The 
presence  of this  in  frame  stop-codon was  confirmed by 
5'-ampliFINDER-RACE extension  using  a  specially de- 
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predicted amino acid sequence of calsensin. The entire cDNA se- 
quence corresponding  to the 1.1-kb calsensin transcript  is shown 
with its predicted amino acid sequence  below. The presumed ini- 
tiation codon begins at nt 154 and the stop codon is located at nt 
403 and is indicated  by an asterisk.  The polyadenylation signal 
consensus  sequence  lies  between residues  755  and  762  and  is 
shown in bold as is the in-frame upstream stop codon at nt 118. 
The  two  underlined  regions  denote  the  two  calcium-binding 
loops. The predicted calsensin protein consists of 83 aa with an 
estimated molecular mass of 9.1  kD. These sequence  data are 
available from EMBL/GenBank/DDBJ under accession number 
U22066. (B) Diagram of the calsensin aa sequence. The calcium- 
binding  coordinating  residues  of the loops are shown  in black. 
The  diagram  indicates  the  potential  formation  of  a  disulfide 
bridge in light gray by the two NH2- and COOH-terminally situ- 
ated cysteines. 
signed primer and isolated Haemopis cDNA as a template. 
This indicates  that  the  full-length  coding region  for cal- 
sensin has been identified.  The predicted  amino acid se- 
quence of the open reading frame extends over 83 amino 
acids (aa) and has a calculated molecular mass of 9,117  D 
and a predicted isoelectric point of 8.6. 
Northern blot analysis was performed by probing 20 Ixg 
of  total  leech  poly(A)÷RNA  with  a  random-primed 
[32p]dCTP-labeled probe synthesized from the NH2-termi- 
nal 238-nt  EcoRI fragment. The results show that under 
high  stringency  conditions  a  single  band  is  detected  of 
~1.1 kb (Fig. 3 A). Furthermore, on Southern blots of ge- 
nomic DNA the radiolabeled EcoRI fragment hybridizes 
to single EcoRI, SacI, and HindlII fragments in a pattern 
that  directly  correlates  with  the  restriction  map  of  the 
calsensin  genomic  clone  (data  not  shown).  These  data 
make it likely that  calsensin is encoded by a  single gene 
that does not give rise to alternatively spliced forms. 
To verify that the calsensin cDNAs isolated correspond 
to the lan3-6 antigen we performed in situ hybridizations 
with digoxygenin-labeled calsensin RNA probes and com- 
pared their labeling with that of the lan3-6 antibody in El0 
Haemopis  embryos  (Fig.  3,  B  and  C).  In  all  hirudinid 
leeches examined the  lan3-6  antibody labels an identical 
subset of sensillar and peripheral sensory neurons (Briggs 
et al., 1993);  however, in Haemopis as well as in Hirudo a 
small number of central neurons  are also labeled during 
development (Macagno et al.,  1983).  Thus, the  calsensin 
distribution in the CNS of the Macrobdella embryo in Fig. 
1 is different from that of the Haemopis embryo illustrated 
in  Fig.  3  C.  However,  a  comparison  of  the  calsensin 
mRNA expression with that of the lan3-6 staining in Fig. 3, 
B and C, respectively, clearly shows that the pattern of la- 
beling by the two probes of peripheral and central neurons 
is identical in Haemopis embryos. This provides strong ev- 
idence that calsensin indeed corresponds to the lan3-6 an- 
tigen. 
Calsensin Is a Novel EF-hand Ca2+-binding Protein 
The complete sequence of calsensin is shown in Fig. 2 A. 
The inferred protein product contains two regions which 
conform to the  HLH-structure of the EF-hand family of 
calcium-binding  domains  (Strynadka  and  James,  1989). 
Fig. 2 B  shows a putative diagrammatic representation of 
calsensin  based  on  the  structure  of bovine ICaBP  (Sze- 
benyi and  Moffat,  1986)  which,  like calsensin, is a  small 
9-kD calcium-binding protein with two EF-hand domains. 
The structural features of the loops as well as the calcium- 
chelating residues, which are highlighted  in black (Fig. 2 
B), conform to the consensus sequence for functional cal- 
cium-binding loops as reviewed in  Strynadka and James 
(1989). An interesting feature of calsensin is the presence 
of two cysteine residues at the NH2- and COOH-terminal 
ends at positions 3 and 80, respectively, suggesting that un- 
der some conditions the conformation of the protein may 
involve the formation of disulfide bridges. 
Fig. 4 shows the sequence comparison of calsensin with 
four  other  EF-hand  calcium-binding  proteins,  three  of 
which contain the most homologous sequences in the data 
bank  to  calsensin.  The  fourth  protein  aligned  is  bovine 
ICaBP which is the  most closely related calcium-binding 
protein to calsensin in terms of size, both being 9-kD pro- 
teins  with  two  HLH-domains,  although  in  terms  of  se- 
quence  homology they  are  quite  divergent  only sharing 
25%  of the residues. Furthermore, ICaBP has an anoma- 
lous Ca2+-binding loop I that contains two extra residues 
(Szebenyi and Moffat, 1986;  Strynadka and James, 1989) 
(Fig. 4). Calsensin is most closely related to the two HLH 
domains (39% homology) of I-plastin (Lin et al., 1994), a 
68-kD calcium-dependent actin-bundling protein found in 
human intestine, to protozoan calcineurin B (unpublished, 
accession  number  U04380)  which  is  the  calcium-binding 
part of the  calcineurin  complex which interacts with cal- 
modulin  (Persechini  et al.,  1989),  and to Drosophila cal- 
The Journal of Cell Biology,  Volume 129, 1995  1358 Figure 3.  Northern blot and in situ hybridization analysis of calsensin transcripts. (.4) Northern blot analysis of calsensin mRNA. 20 ~,g 
of total leech poly(A)  ÷ mRNA was fractionated on a  1.2%  agarose formaldehyde denaturing gel, transferred to nitrocellulose, and 
probed under high stringency conditions using random primer-labeled calsensin sequences. A single band of approximately 1.1 kb was 
detected. (B) In situ hybridization with digoxygenin-labeled  calsensin RNA probe to an El0 Haemopis embryo. In addition to the pe- 
ripheral sensory neurons (arrowheads), in this leech species a few central neurons (arrow) in the ganglia (g) are also expressing calsensin 
(compare with C). (C) El0 Haernopis  embryo labeled with lan3-6 antibody of comparable segments to those in B. Note the identical 
staining pattern of peripheral (arrowheads) and central (arrow) neurons to that in B. Anterior and the head ganglion (H) is at the top of 
the figure. Bar, 75 ixm. 
modulin (Yamanaka et al., 1987). However, these proteins 
are  much  larger  than  calsensin  and/or  have  double  the 
number of EF-hand domains. Thus, while calsensin shares 
obvious sequence motifs with these EF-hand domain con- 
taining calcium-binding proteins it does not appear to be a 
homologue or orthologue of any known calcium-binding 
protein in the data bank. This suggests that calsensin rep- 
resents a novel small calcium-binding protein which is ex- 
pressed selectively in the nervous system. 
Calsensin Is a Functional Calcium-binding Protein 
To assay whether calsensin is a functional calcium-binding 
protein we constructed a  fusion protein derived from the 
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Figure  4.  Sequence  compari- 
son of calsensin with other cal- 
cium-binding  EF-hand  pro- 
teins.  The  entire  predicted 
sequence  of  calsensin  is 
aligned  with  the  most  ho- 
mologous  sequence  domains 
of human I-plastin (Lin et al., 
1994), protozoan calcineurin  B 
(unpublished,  accession num- 
ber  U04380),  Drosophila 
calmodulin (Yamanaka et al., 
1987), and bovine ICaBP (Sze- 
benyi  and  Moffat,  1986). 
Shared  amino acids  of these 
proteins  with  calsensin  are 
in white  typeface  outlined in 
black  and  the  overall  ho- 
mology in percent is indicated 
at  the  end  of  the  sequence 
alignment. 
Briggs et al. Calsensin:  A Novel  Neuronal Ca2+-binding  Protein  1359 Figure 5.  Calsensin  binds  45Ca2+ in vitro.  Lane 1 shows 45Ca  2+ 
binding to partially purified calsensin fusion-protein  (arrowhead) 
which was fractionated by SDS-PAGE and transferred to nitro- 
cellulose. Lanes 3, 5, and 7 are control lanes treated in a similar 
way to lane 1 except protein extracts from DH5txF'IQ cells con- 
taining vector protein without insert (lane 3), ~/-globulin (lane 5), 
and purified calmodulin  (lane  7, arrow) were assayed. The bind- 
ing was visualized by autoradiography. Lanes 2, 4, 6, and 8 show a 
sample of the proteins blotted in lanes 1, 3, 5, and 7, respectively, 
which were run on a  parallel gel  and stained  with  Coomassie 
blue. The lower band in lane 2 which does not bind 45Ca2+ is a 
native  biotinylated  E.  coli protein  which  copurifies  with  the 
calsensin fusion protein during avidin affinity chromatography. 
calsensin clone using the PinPoint vector system that adds 
a  short biotinylated sequence  allowing for avidin affinity 
column purification  of the  fusion protein.  The construct 
codes for residues  1-72  of calsensin, which  encompasses 
both calcium-binding loops but truncates the COOH-ter- 
minal end. This fusion protein was partially purified over a 
Soft-link  TM monomeric avidin column and transferred to 
nitrocellulose paper after SDS-PAGE. Then following the 
method  of  Maruyama  et  al.  (1984),  calcium-binding  of 
calsensin was assayed by incubation with 45Ca  2÷ and sub- 
sequent  autoradiography. Fig. 5  shows that the  calsensin 
fusion protein selectively binds 45Ca2+  under these condi- 
tions in vitro. Control experiments demonstrated that the 
binding could be competed off with cold Ca  2+  (data not 
shown), that the vector protein without calsensin insert in 
DH5etF'IQ cells as well as ~/-globulin do not bind 45Ca2+, 
and  that  purified calmodulin  binds  calcium in  this  assay 
(Fig. 5). Thus, these data indicate that calsensin is a func- 
tional calcium-binding protein that binds 45Ca  2+ in vitro. 
Polyclonal Antibody Production to Calsensin 
Since the  mAb lan3-6  does not recognize the  denatured 
antigen on immunoblots, a definitive biochemical charac- 
terization of the antigen had not been possible (Briggs et 
al.,  1993).  For  these  reasons  and  to  characterize  the 
calsensin protein in vivo, we used the calsensin fusion pro- 
tein to generate new polyclonal antibodies to calsensin in 
rabbits. We obtained two antisera, Frigg and Hel, which 
recognize a single band not present in the preimmune sera 
migrating with  a  Mr of 10,000  on  immunoblots of leech 
CNS proteins, as demonstrated for the Frigg antiserum in 
Fig. 6. Furthermore, a 10,000 Mr protein recognized by the 
Frigg  antiserum  is  specifically immunoprecipitated  from 
leech CNS proteins by the  original mAb lan3-6  and  this 
staining is abolished by preincubation of the antisera with 
calsensin fusion protein (Fig. 6). In addition, the Frigg an- 
tiserum (data not shown) labels El0 Haernopis embryos in 
Figure  6.  Polyclonal  antiserum 
identifies  calsensin  as  a  10,000 M r 
protein  on  immunoblots  of  leech 
CNS extracts.  Lane 1 shows label- 
ing of a 10,000 Mr protein (arrow) 
from leech CNS extracts recognized 
by the Frigg antiserum which is not 
present  in  the  preimmune  serum 
(lane 2).  The Frigg  antiserum was 
raised  against  a  calsensin  fusion 
protein. A  weak background band 
is present in both lane 1 and 2 (ar- 
rowhead). Lane 3 shows an immu- 
noprecipitation  of  leech  CNS  ex- 
tracts by the tan3-6 antibody coupled to protein A-Sepharose. A 
10,000 M  r protein is selectively recognized by the Frigg antiserum 
on the blot. Lane 4 demonstrates that preabsorption of Frigg anti- 
serum  with  calsensin  fusion  protein  abolishes  staining  by the 
Frigg antiserum of the 10,000 Mr protein. Lanes 1, 2, and 4 show 
immunoblots of Haemopis CNS protein and lane 3 shows lan3-6 
immunoprecipitated  Haemopis CNS  proteins  fractionated  by 
20% SDS-PAGE. 
a  pattern  indistinguishable  from that  of the  mAb lan3-6 
staining shown in Fig. 3 C. Thus both the Frigg and Hel an- 
tisera recognize the native calsensin protein and provide 
additional  evidence  that  calsensin  is  the  lan3-6  antigen. 
The close correspondence  of the Mr for native calsensin 
with that predicted from the molecular analysis corrobo- 
rates that we have identified  the  full-length sequence  of 
calsensin. 
A  Large 200,000 Mr Protein Selectively 
Coimmunopurifies with Calsensin 
In a previous study (Briggs et al., 1993) we reported that 
immunoaffinity  purification  of  Haemopis  CNS  extracts 
with lan3-6 antibody bound to protein A-Sepharose beads 
yielded a protein of 200,000 Mr. This protein was hypothe- 
sized to be a possible candidate for the lan3-6 antigen, al- 
though as mentioned above, its identity could not be con- 
firmed by immunoblot analysis using fan3-6 antibody since 
lan3-6 fails to recognize the denatured antigen (Briggs et 
al., 1993). However, with the cloning of calsensin and the 
production  of new  polyclonal  antibodies  that  recognize 
native calsensin  on immunoblots as  a  10,000  Mr protein, 
the larger protein is clearly not the lan3-6 antigen. Due to 
the small size of calsensin it was not detected by standard 
SDS-PAGE and silver gel staining in the initial analysis. 
Thus these data raise the possibility that calsensin may be 
molecularly interacting with a larger protein which can be 
selectively copurified using immunoaffinity chromatogra- 
phy  with  calsensin  antibodies.  We  therefore  conducted 
further immunoaffinity purification experiments with the 
lan3-6 antibody coupled to protein A-Sepharose (Fig. 7) 
in order to ascertain that in  addition  to being present in 
Haemopis, the large protein also was present in Macrob- 
della, the leech species used in our developmental studies 
of selective fasciculation (Briggs et al., 1993).  CNS extracts 
from both these leech species were applied to a lan3-6 an- 
tibody column which was washed with 0.1  M  sodium bo- 
rate, pH 8.2, before bound protein was eluted with glycine, 
pH 2.5,  into  10  0.4-ml fractions in which  the  eluate was 
neutralized  with sodium phosphate, pH 8.  Fractions  1-2, 
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of leech CNS proteins. (A) A 200,000 Mr pro- 
tein  is  selectively  immunoaffinity  purified 
from CNS extracts of both Macrobdella (M) 
and Haemopis (H) leeches by a lan3-6 protein 
A-Sepharose  column.  The  figure  shows 
pooled fractions which were silver stained af- 
ter separation  by 12% SDS-PAGE.  In addi- 
tion to the major 200,000 Mr protein, some 
heavy (hc) and light (/c) chains from the pri- 
mary antibody were eluted. That these bands 
were derived from the primary antibody was determined by im- 
munoblotting  and staining with secondary  antibody only (data 
not shown). The two lanes are from different gels which were 
photographically  adjusted in size using the positions of the light 
and heavy antibody chains as a reference. 
3-5, and 6-10 were pooled, dialyzed against  10 mM Tris- 
HCI, pH 7, and precipitated with ethanol. After resuspen- 
sion  the  eluted fractions were  subjected  to  SDS-PAGE 
and the gels analyzed by silver staining. Fig. 7 shows that a 
prominent broad protein of approximately 200,000 Mr is 
being selectively affinity purified by this procedure in both 
Macrobdella  and Haemopis. The fractions collected con- 
taining the 200,000 Mr band also contained small amounts 
of eluted primary antibody (Fig. 7). However, the pooled 
fractions 1-2 and 6-10, respectively, contained no proteins 
detectable by SDS-PAGE and silver staining of the gel. 
Immunoblot analysis of gels resolving the 200,000 Mr band 
shows  no  immunoreactivity  using  the  newly  generated 
calsensin  antisera.  Calsensin itself is  too small  to be re- 
tained  in  these  gels  but  can  be  resolved by 20%  SDS- 
PAGE as demonstrated in Fig. 6. Thus, a similar 200,000 
Mr protein appears to interact with calsensin in both Mac- 
robdella and Haemopis. 
Discussion 
This study reports the cloning and sequencing of cDNAs 
coding for calsensin, a  novel neuronal EF-hand calcium- 
binding protein in leech originally identified by the mAb 
lan3-6. Several lines of evidence suggest that the calsensin 
cDNA  corresponds  to  the  antigen  recognized  by  the 
lan3-6 antibody: (a) the labeling of leech embryos by in 
situ  hybridization using  calsensin  sequence as probe ex- 
actly matches the lan3-6 antibody staining pattern, as does 
staining with polyclonal antisera raised against a calsensin 
fusion protein;  (b)  lan3-6  immunoprecipitates  a  protein 
which  is  specifically recognized by the  newly generated 
calsensin antisera; (c) on immunoblots calsensin antibod- 
ies recognize a 10,000 Mr protein that correlates well with 
the  predicted  molecular  mass  of  9.1  kD  based  on  the 
calsensin sequence. This data, together with the presence 
of an in-frame stop codon upstream of the initiating me- 
thionine,  also  suggests  that  the  full-length  sequence  of 
calsensin has been identified. 
Analysis of the calsensin sequence shows it belongs to a 
growing  family of calcium-binding proteins  that  contain 
EF-hand domains. The members of this family, which in- 
clude calmodulin and troponin C (Kretsinger 1980; Perse- 
chini et al.,  1989), are characterized by containing a com- 
mon  calcium-binding  motif  composed  of  a  loop  of  12 
contiguous residues  with  oxygen atoms  involved in  cal- 
cium-binding and two flanking a-helices that stabilize the 
complex.  Functional  EF-hand  calcium-binding  domains 
are  always found in  pairs  (Persechini et  al.,  1989;  Stry- 
nadka and James, 1989) and some members of the family 
have up to eight such domains, although not all of these 
may be functional (Persechini et al., 1989). Many EF-hand 
calcium-binding proteins are found exclusively in the ner- 
vous system (Baimbridge  et al.,  1992)  where  they often 
have a restricted expression to certain tissues and types of 
neurons. The function of many of the nervous system spe- 
cific calcium-binding proteins is unknown (Baimbridge et 
al., 1992);  however, they are generally classified into two 
separate functional groups, the trigger and the buffer pro- 
teins  (Levine  and  Dalgarno,  1983;  Baimbridge  et  al., 
1992).  The  trigger proteins, such  as  calmodulin,  change 
their conformation in response to calcium-binding and in 
turn can then interact with and modulate various enzymes 
and ion channels. The buffer proteins, such as parvalbu- 
min and ICaBP, on the other hand, are believed to pas- 
sively regulate the level of intracellular free calcium con- 
centration.  Some  of these  calcium-binding  proteins  are 
thought  to be  important for calcium-homeostasis  in  the 
nervous system and have been implicated in the pathology 
of various  neurodegenerative  disorders  (Heizmann  and 
Braun, 1992). Recently, a subfamily of small calcium-bind- 
ing proteins with three EF-hand calcium-binding domains 
that may function in visual and odorant signal transduc- 
tion have been described in retinal photoreceptors (Yama- 
gata  et al.,  1990;  Dizhoor et al.,  1991;  Palczewski et  al., 
1994) and in the rabbit olfactory epithelium (Nemoto et 
al., 1993). 
The physiological role of calsensin is presently unknown. 
However, the two HLH-domains of calsensin conform to 
the  consensus  sequence  for  functional  calcium-binding 
proteins (Strynadka and James, 1989) and calcium-binding 
assays  using  a  calsensin  fusion  protein  directly demon- 
strate  that  calsensin  can bind  45Ca2+  in  vitro. Thus, cal- 
sensin  is  likely  to  be  functioning  as  a  calcium-binding 
protein in vivo as well. Furthermore, immunoaffinity puri- 
fication experiments with the lan3-6 antibody show that a 
large  200,000  Mr  protein  selectively  copurifies  with 
calsensin from CNS extracts of both Haemopis  and Mac- 
robdella  leeches.  These  results  provide  evidence  that 
calsensin may be functioning as a trigger protein that in- 
teracts with and/or modulates  the larger protein. In this 
context, it is interesting to note that calsensin has two cys- 
teines at the NH2- and COOH-terminal ends, respectively, 
which under certain conditions would have the capacity to 
form intra- or intermolecular disulfide bridges. This could 
potentially modulate  the  conformation  of the  molecule 
and  be  a  requirement for interactions with  other mole- 
cules. The calcium-binding protein CaVP  in Arnphioxus 
muscle  is  thought  to  possess  such  an  internal  disulfide 
bridge  in  vivo (Kobayashi et  al.,  1987).  However, since 
cysteine residues generally are found in a reduced state in 
the cytosol (Branden and Tooze, 1991) we do not know 
whether this mechanism might be employed by calsensin. 
The molecular features of calsensin and its association 
with the 200,000 Mr protein are  consistent with the  hy- 
pothesis that it may participate in a protein complex medi- 
ating  calcium-dependent  signal  transduction  events  in 
growth cones and axons (Johansen et al., 1994; Jellies and 
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functions of many molecules involved in cell adhesion and 
fascicle formation, apart from being effected by their ex- 
tracellular interactions, are  also to a  great extent deter- 
mined by their associations with cytoplasmic proteins and 
cytoskeletal structures, associations which are often regu- 
lated by signal transduction processes and second messen- 
ger  pathways  (Schuch  et  al.,  1989;  Atashi  et  al.,  1992; 
Hynes, 1992; Gumbiner, 1993). For example, the adhesive 
state of cadherin at the cell surface can be modulated in 
response  to  intracellular  signals  (Gumbiner,  1993)  and 
both NCAM  and N-cadherin participate in signal trans- 
duction events involving calcium which stimulate neural 
outgrowth (Doherty et al.,  1991). Recently, experiments 
with chromophore-assisted laser inactivation of the intra- 
cellular  calcium-binding  protein  calcineurin  in  cultured 
chick dorsal root ganglion neurons have suggested that the 
spatial distribution of calcineurin activity regulates growth 
cone motility (Chang et al.,  1994).  Thus, calcium-binding 
proteins present in growth cones and axons which modu- 
late or are being modulated by [Ca2+]i are strong candi- 
dates  for being molecules that affect calcium-dependent 
processes of growth cone extension and pathway forma- 
tion. It is therefore tempting to speculate that since cal- 
sensin has a very restricted expression common to all hiru- 
dinad  leeches  in  a  small  subset  of peripheral  neurons 
which fasciculate together in a single tract during develop- 
ment,  that  the  putative  calsensin  protein  complex may 
play a role in the formation and/or maintenance of these 
specific axon fascicles. The cloning of calsensin and the im- 
munoaffinity purification of its associated protein reported 
here should facilitate the generation of probes to test this 
hypothesis and to help in the determination of a physio- 
logical function for this novel calcium-binding protein. 
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